A Gram-stain-negative, non-spore-forming, rod-shaped and aerobic bacterium, designated Xi19 T , was isolated from a soil sample collected from the rhizosphere of sunflower (Helianthus annuus) in Wuyuan county of Inner Mongolia, China and was characterized taxonomically by using a polyphasic approach. Phylogenetic analysis based on 16S rRNA gene sequences indicated that the novel isolate was related to species of the genus Rhizobium, sharing the greatest 16S rRNA gene sequence similarity with Rhizobium rhizoryzae J3-AN59 T (98.4 %),
Rhizobia are Gram-negative bacteria that are distributed ubiquitously in soil, and carry tremendous environmental and agricultural significance due to their ability to induce the formation of nodules on the roots or stems of leguminous plants. The genus Rhizobium was initially proposed by Frank in 1889 and ever since then the genus has been expanding with further novel species. At the time of writing, the genus Rhizobium is composed of 77 species with validly published names (Parte, 2014 ; http://www. bacterio.net). A generally accepted view is that species of the genus Rhizobium are legume endosymbionts and have typically been isolated from nodules (Peng et al., 2008; Wei et al., 2003) . In recent years, however, a growing number of new members of the genus Rhizobium have been found in other sources, for example, Rhizobium subbaraonis JC85
T was isolated from endolithic beach sand samples (Ramana et al., 2013) ; Rhizobium borbori DN316 T was isolated from an aniline-degrading activated sludge (Zhang et al., 2011a) ; and Rhizobium soli DS-42 T was isolated from Korean soil (Yoon et al., 2010) . During the process of studies of bacterial diversity in soil samples under different improvement methods of alkaline land, a Rhizobium-like bacterial strain, designated Xi19 T , was isolated from florescence sunflower rhizosphere and studied by a polyphasic characterization that included determination of phenotypic properties, phylogenetic investigations based on 16S rRNA gene, atpD, recA and glnII sequences and genetic analysis.
Sunflower plants grown in moderately alkaline land were sampled at the flowering stage. Soil clumps loosely adhering to the roots were removed gently as soon as the samples reached the laboratory. More firmly adhering soil was washed away with sterile double-distilled water three times. Subsequently, the soil suspension was diluted with double-distilled water using the standard dilution plating technique and then incubated at 35 8C on YMA medium (Vincent, 1970) for 3 days. Single colonies on the plates were purified by transfer to new plates of YMA medium and further incubation. The purified strains were tentatively identified by nearly complete sequences of the 16S rRNA gene. On the basis of the 16S rRNA gene sequence, strain Xi19
T was placed within the genus Rhizobium but was unlike any previously described species. The isolate was preserved in a 20 % (v/v) glycerol suspension at 220 8C.
Chromosomal DNA was isolated and purified according to the method described by Yoon et al. (1996) . The 16S rRNA gene was amplified by PCR using two universal primers as described previously (Yoon et al., 1998) . The amplification product was sequenced directly using the method of Yoon et al. (2003) . The 16S rRNA gene sequence of strain Xi19
T was based on a continuous stretch of 1399 bp. Sequence data analysis was performed by using the software package MEGA version 4.0 (Tamura et al., 2007) , after multiple alignments of sequences by CLUSTAL X (Thompson et al., 1997) . A distance-matrix method (distance options according to Kimura's two-parameter model; Kimura, 1980) , including clustering by neighbour-joining ( Fig. 1) and maximum-parsimony methods (Fig. S1 , available in the online Supplementary Material) was used. In each case, bootstrap values were calculated based on 1000 replications. On the basis of 16S rRNA gene sequence analysis, strain Xi19 T was shown to belong to the genus Rhizobium and the closest phylogenetic relatives were Rhizobium rhizoryzae J3-AN59 T (98.4 % 16S rRNA gene sequence similarity), Rhizobium pseudoryzae J3-A127 T (97.4 %), Rhizobium tarimense PL-41 T (97.3 %), Rhizobium straminoryzae CC-LY845 T (97.1 %) and Rhizobium flavum YW14 T (97.1 %), respectively. In the neighbour-joining tree based on 16S rRNA gene sequences, strain Xi19 T formed a cluster with known species of the genus Rhizobium. In the phylogenetic tree reconstructed using the maximum-parsimony method, strain Xi19
T also fell within the clade encompassed by the genus Rhizobium.
To characterize strain Xi19
T phenotypically, physiological tests were determined according to the method described by Gao et al. (1994) . Cellular morphological characteristics of strain Xi19 T were examined by light microscopy (CX31; Olympus) after 24 h growth on YMA medium at 35 8C. Colony properties were observed after growth for 2 days at 35 8C on YMA medium. Flagellation was determined by using a transmission electron microscope with cells from exponentially growing cultures; for this aim, the cells were negatively stained with 1 % (w/v) phosphotungstic acid and the grids were examined after being air-dried. The temperature range for growth was determined on YMA medium at 4, 10, 20, 30, 37, 40, 45 and 50 8C. The range of pH for growth was studied at pH 4-12 (with intervals of 1 pH unit) in YMA broth by using appropriate biological buffers (Xu et al., 2005) . Tolerance to NaCl for growth was investigated on YMA medium supplemented with 0-10 % (w/v) NaCl. Carbon source utilization was tested by using GN2 MicroPlates; cultures grown for 48h in YMA medium were used to inoculate the GN2 MicroPlates according to the manufacturer's instructions. Antibiotic resistance tests were performed in YMA medium supplemented with different antibiotics. Tests for the utilization of sole carbon and nitrogen sources, 3-ketolactose production, nitrate reduction, methylene blue reduction, nile blue reduction, production of urease and L-phenylalanine ammonia lyase (PAL) were studied by using the methods of Gao et al. (1994) . Gram-staining was determined according to the method described by Dong & Cai (2001) . Some phenotypic characteristics of the novel strain in comparison with several species of the genus Rhizobium are shown in Table 1 . Strain Xi19 T can be separated from its closest phylogenetic neighbours, R. rhizoryzae J3-AN59 T , R. pseudoryzae J3-A127
T and R. tarimense PL-41 T , using phenotypic characteristics. In contrast to these type strains, strain Xi19
T was able to grow at 45 8C. The isolate differed from R. rhizoryzae J3-AN59
T in metabolism of dextrin and it could grow in 5 % NaCl and at pH 5.0. The isolate could be differentiated from R. pseudoryzae J3-A127 T in that it could not assimilate dextrin and was negative for oxidase activity and positive for nitrate reduction. The major difference between strain Xi19
T and R. tarimense PL-41 T was that the novel strain was positive for utilization of maltose, inositol, D-sorbitol and sucrose. Other features of strain Xi19
T are given in the species description.
Similarities obtained from the analysis of fatty acids, which are in broad agreement with 16S rRNA gene sequence similarities and appear to precisely distinguish most of the species, have been employed to describe novel bacterial species (Quan et al., 2005; Schutter & Dick, 2000; Tighe et al., 2000) . Biomass was obtained after incubation at 30 8C for 48 h on YMA medium. Fatty acid methyl esters were prepared, separated and identified according to the standard protocol of the Microbial Identification System (Sasser, 1990; Kämpfer & Kroppenstedt, 1996) , and the database used was TSBA40. The cellular fatty acid profiles of strain Xi19 T and those of the type strains of phylogenetically related species of the genus Rhizobium are displayed in Table 2 . The predominant cellular fatty acids of strain Xi19 T were C 16 : 0 (12.9 %), summed feature 8 (C 18 : 1 v7c and/or C 18 : 1 v6c, 29.3 %) and C 19 : 0 cyclo v8c (38.9 %), which are typical fatty acids of root-nodule bacteria (Tighe et al., 2000) . However, strain Xi19
T could be distinguished from related species by significant differences in the percentage of summed feature 8 and C 19 : 0 cyclo v8c, as shown in Table 2 .
Isoprenoid quinones were isolated according to the method described by Komagata & Suzuki (1987) and separated by reversed-phase HPLC. Q-10 was the predominant ubiquinone of strain Xi19
T , in agreement with the characteristics of species of the genus Rhizobium. Polar lipids were extracted, examined by two-dimensional TLC and identified using previously described procedures (Minnikin et al., 1984) . Major polar lipids present in strain Xi19 T were diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, two unidentified phospholipids and three unidentified lipids (Fig. S2) . The major difference between the novel isolate and R. rhizoryzae J3-AN59
T was that an unknown aminophospholipid and an unknown aminolipid were detected in R. rhizoryzae J3-AN59
T , but not in the novel isolate. et al., 2005a, 2005b) . The PCR products were sequenced and a phylogenetic tree was reconstructed based on a concatenated alignment of atpD, recA and glnII sequences (Fig. S3 ). Sequence analysis of the atpD, recA and glnII genes showed that strain Xi19 T was phylogenetically most closely linked to the genus Rhizobium. The results also showed that strain Xi19 T represented a distinct lineage and the highest similarities were 89 % with R. tarimense PL-41 T for the atpD gene, 85 % with R. paknamense L6-8 T for the recA gene and 91 % with R. pseudoryzae J3-A127 T for the glnII gene. The low levels of similarity found between the housekeeping gene sequences of strain Xi19 T and those of other recognized species of the genus Rhizobium further confirmed that the novel isolate represented a separate species. The position of these closely related species of the genus Rhizobium varied in the three phylogenetic trees, indicating that the 16S rRNA gene and housekeeping genes might have different phylogenetic history.
DNA-DNA hybridization is considered a standard method for species definition and the use of 70 % DNA relatedness as a threshold for bacterial species has been used in the description of many species (Graham et al., 1991; Wayne et al., 1987) . For the measurement of the G+C content of the chromosomal DNA and DNA-DNA relatedness, genomic DNA of the novel strain was extracted and purified by using the approach previously described by Marmur (1961) . DNA base composition was determined with the thermal denaturation method (T m ) and Escherichia coli K-12 was used as a reference (De Ley et al., 1970; Marmur & Doty, 1962) . The G+C content of the genomic DNA of strain Xi19
T was 60.2 mol%, which was in the range expected for members of the genus Rhizobium (Jordan, 1984) . DNA-DNA relatedness between the novel isolate and the reference strains was determined by using the reassociation-rate method (De Ley et al., 1970) and the test was performed in triplicate. Strain Xi19 T showed 36 % and 23 % DNA-DNA relatedness, respectively, with the most related strains R. rhizoryzae J3-AN59 T and R. pseudoryzae J3-A127 T ; these values were much lower than the recommended threshold value (Wayne et al., 1987) . The DNA G+C content and DNA-DNA hybridization value were supportive of the conclusion that strain Xi19
T represented a novel species of the genus Rhizobium.
In an effort to confirm the symbiotic property, a nodulation test was undertaken by using four commonly planted leguminous species in the north of China: soybean (Glycine max), kidney bean (Phaseolus vulgaris), clover (Trifolium repens) and lucerne (Medicago sativa). All four plants were cultured vertically for 6-8 weeks in a growth chamber at 25 8C with a 12 h photoperiod. The non-inoculated seedlings were used as controls and were cultured under the same conditions. A nodulating control strain Rhizobium petrolearium SL-1 T that can form effective nodules on lucerne was also used in the test. PCR amplification of nodD gene was carried out with the primer pair 59-CTC GTCGCGCTCGACGCATTGA-39 and 59-TGCCCCATGG ACATGTA-39 (Rivas et al., 2002) . In our study, tests of nodulation and PCR amplification of the nodD gene were both negative. It is a widely recognized fact that species of the genus Rhizobium can only specifically nodulate with a few plant species or genera (Kuykendall et al., 2005) . T (data from this study); 2, R. rhizoryzae J3-AN59 T (data from this study); 3, R. pseudoryzae J3-A127 T (data from this study); 4, R. tarimense PL-41 T (Turdahon et al., 2013) . The reported data were obtained on the basis of the same and/or comparable conditions. +, Positive; 2, negative; W, weakly positive; ND, no data available. While nodules were not induced with legume species tested in our study, other legume species or genera might still exist that can symbiotically nodulate with strain Xi19
T . In addition, some type strains of species of the genus Rhizobium were also negative for nodulation in current studies. R. pseudoryzae J3-A127 T , isolated from the roots of rice plants (oryza sativa), failed to form any nodules on four different legumes, and the nodD gene was not detected by PCR (Zhang et al., 2011b) . Plus, it is common knowledge that plasmids and megaplasmids are not stable during long-term evolution, and they are commonly lost or horizontally transferred across species boundaries (Kuykendall et al., 2005) . All these facts can explain why the nodD gene could not be amplified from strain Xi19 T .
On the basis of the data and observations detailed above, strain Xi19
T represents a novel species of the genus Rhizobium, for which the name Rhizobium helianthi sp. nov. is proposed.
Description of Rhizobium helianthi sp. nov.
Rhizobium helianthi (he.li.an9thi. N.L. gen. n. helianthi of the sunflower Helianthus).
Cells are Gram-stain-negative, aerobic, motile, non-sporeforming rods that are 0.9-1.3 mm in width and 2.2-2.8 mm in length with peritrichous flagella. Colonies on YMA medium are circular, convex, smooth, semi-translucent, opalescent and typically 2.0-3.0 mm in diameter after incubation for 3 days at 35 uC. The optimum temperature for growth is 35 uC, growth occurs at temperatures from 10 uC to 45 uC. The pH range for growth is pH 5.0-11.0, with an optimum at pH 7.0-8.0. Tolerates NaCl concentrations up to 5 % (w/v), but the optimum concentration for growth is 1 % (w/v). Nitrate is reduced to nitrite. Catalase, urease and L-phenylalanine ammonia lyase (PAL) are produced. Negative for oxidase and nile blue reduction. The reaction of methylene blue reduction is positive. Can grow in LB medium. Produces a lot of polysaccharide and acid on YMA medium but does not produce 3-ketolactose from lactose. Reduction reaction and alkaline is observed in litmus milk. Sensitive to gentian violet (0.1 %), methylene blue (0.1 %), kanamycin, streptomycin and tetracycline; resistant to neutral red (0.1 %), bromothymol blue (0.1 %), DNA sodium (0.1 %), sodium nitrite (0.1 %), novobiocin and clindamycin. On GN2 microplates, the following compounds are used as sole The type strain, Xi19
T (5CGMCC 1.12192 T 5KCTC 23879 T ), was isolated from a soil sample collected from the rhizosphere of sunflower (Helianthus annuus). The DNA G+C content of the type strain is 60.2 mol%.
